We have recently proposed a new class of gravitational scalar-tensor theories free from ghost instabilities in Ref. [1] . As they generalize Horndeski theories, or "generalized" galileons, we call them G 3 . These theories possess a simple formulation when the time hypersurfaces are chosen to coincide with the uniform scalar field hypersurfaces. We confirm that they do not suffer from Ostrogradski instabilities by presenting the details of the Hamiltonian formulation. We examine the coupling between these theories and matter. Moreover, we investigate how they transform under a disformal redefinition of the metric. Remarkably, these theories are preserved by disformal transformations, which also allow subfamilies of G 3 to be mapped into Horndeski theories.
Introduction
The fact that current cosmological observations consistently point to a recent phase of acceleration has boosted the exploration of alternative theories of gravity (see e.g. [2] for a review), that could provide a more natural explanation than simply a cosmological constant. Even if these efforts have not led to a compelling or even realistic model, these research activities deepen our understanding of gravity by highlighting the theoretical and observational constraints that alternatives to general relativity must satisfy.
Many models of modified gravity involve the presence of at least one scalar degree of freedom in addition to the two tensor degrees of freedom of general relativity. The underlying scalar field can sometimes be hidden in the explicit formulation of the theory. A typical example is f (R) theory where the Lagrangian is written as a function of the Ricci scalar R, but which can be reformulated as a manifestly scalar-tensor theory [3] .
A strong requirement on alternative theories, including theories expressed in terms of the Riemann curvature tensor, is the absence of instabilities due to the presence of higher order time derivatives in the Lagrangian. According to the so-called Ostrogradski's theorem, such instabilities arise in theories characterized by a non-degenerate Lagrangian 1 (see e.g. [4] ). The simplest example is the Lagrangian
which leads to fourth order equations of motion. In the Hamiltonian formulation, an extra degree of freedom appears so that the corresponding phase space is four-dimensional, with a Hamiltonian that depends linearly on one of the momenta and is thus (kinetically) unbounded from below. In this case the extra degree of freedom behaves effectively as a ghost and the theory is not viable. Not all theories containing higher order time derivatives in the Lagrangian suffer from Ostrogradski instabilities. In particular, this is the case for theories that lead to second order equations of motion, such as the much studied galileon models [5] , briefly reviewed in Sec. 2.1. Although originally introduced in Minkowski, the galileon Lagrangians can be extended to general curved spacetimes by promoting the derivatives to covariant derivatives. However, as discussed in Sec. 2.2, maintaining second order equations of motion with respect to spacetime derivatives requires the addition of suitable gravitational "counterterms" [6, 7] . The largest class of these Generalized Galileons (G 2 ) turns out to be equivalent [8] to the more ancient Horndeski's theories [9] , which correspond to the most general scalar-tensor theories with second-order field equations.
Although Horndeski theories are often considered as the most general scalar-tensor theories immune from Ostrogradski's instabilities, we have recently showed that this is not the case and proposed a new class of scalar-tensor theories, reviewed in Sec. 3 (see also Appendix A for the details of the calculations), that do not suffer from such instabilities [1] . Since our theory contains generalized galileons (Horndeski) as a special limit, we dubbed it "Generalized Generalized Galileons" or G 3 for brevity. It turns out that our theories have the same decoupling limit of Horndeski theories, as briefly showed at the end of Sec. 3.
The stability properties of G 3 are most easily seen by using the ADM formalism applied to the uniform scalar field hypersurfaces (also called unitary gauge formulation). In this formulation, the scalar field does not appear explicitly as it is part of the degrees of freedom of the metric, and the action depends only on first time derivatives of the metric (the "velocities"), as generally expected from healthy theories. Indeed, the Hamiltonian analysis confirms the absence of unwanted extra degrees of freedom, and thus the absence of Ostrograski instabilies. In Sec. 4 of the present article we give more details about the derivation of the Hamiltonian and about the counting of the degrees of freedom, which depends on the number and nature (first or second class) of the constraints between canonical variables. Our analysis clearly proves that our theories contain only three degrees of freedom and do not suffer from Ostrogradski instabilities [1] .
Hints that one could go beyond Hordenski theories without encountering fatal instabilities appeared in our early work [10] , where the study of the quadratic Lagrangian for linear perturbations about a homogenous and isotropic spacetime showed that an additional term, absent in Horndeski theories, could be allowed. In Sec. 5.1 we review this analysis of linear perturbations and we extend it in Sec. 5.2 by including some matter field. For convenience, we use some k-essence matter, which can be described by a simple Lagrangian and which is characterized by a nontrivial speed of sound. We are thus able to derive a quadratic Lagrangian that include both metric and matter perturbations in the unitary gauge. A similar calculation was presented in [11] , and generalized to several matter scalar fields in [12] . We also give an equivalent treatment by working directly with the equations of motion written in the Newtonian gauge, in Sec. 5.3 . For this analysis we use the convenient notation proposed in Ref. [13] based on the effective approach to cosmological perturbations for dark energy, introduced in [14, 15, 10, 16] . In Appendix B we review the connection between the different notations employed in these references.
Other fissures in the standard lore concerning Horndeski theories were pointed out in [17] , which studied scalar-tensor theories generated by disformal relations [18] 
where X ≡ g µν ∂ µ φ∂ ν φ. In particular, it was shown that starting from an action consisting of the Einstein-Hilbert term forg µν and of a standard action for φ, one obtains equations of motion for g µν and φ that are higher order but can be combined so that the dynamics is only second order. This is another example beyond Horndeski that is not Ostrogradski unstable. Interestingly, a very similar argument has been invoked in the context of ghost-free massive gravity in [19] . It is natural to wonder whether our theories could be formulated in a similar way, i.e. derived via a disformal transformation from a theory belonging to the Horndeski class. We discuss this issue in Sec. 6 and find that our general theory cannot be derived from Horndeski via a disformal transformation. Remarkably however, the two non-Horndeski pieces contained in our Lagrangian can be separately derived from a Horndeski Lagrangian combined with a disformal transformation. Since the disformal transformation that we consider conserves the number of degrees of freedom, this proves that our two non-Horndeski pieces are separately equivalent to a subset of Horndeski theories. In Appendix C we explicitly check in Newtonian gauge that the disformal metric redefinition de-mixes part of the kinetic couplings (the part containing higher derivatives) between the scalar field and the metric. In this respect, the disformal transformations considered here are analogous to the field redefinition removing higher derivatives discussed in the context of massive gravity in [19] . Since the two disformal transformations are distinct for the two non-Horndeski pieces of G 3 , the procedure cannot be applied to the whole Lagrangian. However, the fact that these pieces can be mapped to Horndeski provides a different way to show the healthy behaviour of our theories. Using a disformal transformation, in Sec. 6.5 we provide an example of naively higher-derivative equations of motion which can be reduced to second order ones, generalizing the treatment of [17] 2 Galileons and Horndeski theories
Galileon theories
One of the most explored frameworks for infra-red modifications of gravity is the so-called galileon theory [5] , which distills and generalizes the interesting features of the DGP scenario [20] and emerges in the decoupling limit of massive gravity [21] .
Galileon theories can be seen as the effective theory of a Goldstone boson φ in Minkowski space that is invariant under a generalized shift symmetry,
for the five arbitrary parameters b µ and c. Only in Minkowski can we arbitrarily choose a constant vector field b µ and thus this is where galileon theories are naturally set. At lowest order in derivatives, there exists a limited number of Lagrangian terms invariant under (3), with schematic form L n ∼ (∂φ) 2 (∂ 2 φ) n−2 , where n ≤ 5 in four dimensions. Such operators are protected by the symmetry (3) against quantum corrections [22, 23] . Galileon theories can be most naturally formulated as [5] L gal,1
where A µ 1 ...µnν 1 ...νn is a tensor antisymmetric in the indices µ's and the ν's, separately, and symmetric under the exchange {µ i } ↔ {ν i }, e.g.
g. the nice review [24] for technical details). In the above expression and in the rest of this section, we use the shorthand notation φ µ ≡ ∇ µ φ, φ µν ≡ ∇ ν ∇ µ φ for convenience. More explicitly, the galileon Lagrangians are written as linear combinations of the five following Lagrangians:
In flat space there exist alternative (in fact, infinite) versions of galileon Lagrangians, equivalent up to total derivatives. A particularly compact and popular choice (called "form 3" in the review [24] ) is
where we have chosen the normalization factors in order to be consistent with the original expressions (5)-(8).
Coupling to gravity and Horndeski theories
By going from (5)- (8) to (9)- (12) we have exchanged the order of partial derivatives, which can be consistently done in flat space. But in general curved spaces, while doing so for L 4 and L 5 , we will have to pay a commutator proportional to the curvature. Indeed, by taking f as a general function of X, we find that the two main blocks of terms appearing in L gal, 1 4 and L gal, 1 5 are related by, respectively,
R µν φ µ φ ν + boundary terms , (13)
This also means that the different versions of the galileon Lagrangians, which are all equivalent in flat space, will correspond to genuinely different theories once minimally coupled to gravity by trading ordinary derivatives for covariant derivatives. Of course, as realized in [6] , the minimally coupled versions of the galileon L 4 and L 5 bring higher (third order) derivatives into the equations of motion. For example, by varying X( φ) 2 with respect to φ, one ends up with terms containing two derivatives hitting on a Christoffel symbol, i.e., three derivatives of the metric. In order to get rid of such higher derivatives, the authors of [6] added to L gal, 1 4 and L gal, 1 5 suitable gravitational "counterterms", and thus "re-discovered" Horndeski theories, which can be described by an arbitrary linear combination of the Lagrangians
following the presentation given in Ref. [8] .
3 Beyond Horndeski: G
3
As we have recently shown in [1] , it turns out that it is possible to extend the Horndeski Lagrangians presented above, without encountering ghost-like Ostrograski instabilities. In order to introduce these theories, it is much simpler to use the so-called unitary gauge, where the uniform scalar field (φ = const) hypersurfaces coincide with constant-time hypersurfaces. To do so, we assume that the gradient of the scalar field, ∂ µ φ, is time-like. Using an ADM decomposition of the metric,
we write the Lagrangian density in terms of the intrinsic and extrinsic 3-d curvature tensors of the spatial slices, respectively denoted R ij and K ij , their traces, R ≡ h ij R ij , K ≡ h ij K ij , as well as the lapse function N . The theories presented in [1] are then given by the action
with
where A a and B a (a = 2, 3, 4, 5) are generic functions of t and N . Let us remind that, in terms of ADM variables, the extrinsic curvature reads
where D i is the spatial covariant derivative. The combination K 2 − K ij K ij in the third line is the usual GR kinetic term. Indeed, when B 4 = −A 4 = 1/(16πG), while the other coefficients vanish, the above action corresponds to the Einstein-Hilbert action up to boundary terms, as can be easily seen upon using the Gauss-Codazzi relation (see App. A). In this case the action becomes fully 4-d diff invariant and there are no scalar propagating degrees of freedom. We now rewrite the above Lagrangians in a manifestly covariant form, i.e. in terms of φ and its spacetime derivatives. The dependence on t and N of the functions A a and B a will turn into a dependence on φ and X ≡ g µν ∂ µ φ∂ ν φ, since φ = φ 0 (t) and X = −φ 2 0 (t)/N 2 in our ADM formulation. We can then introduce the unit vector normal to the uniform φ hypersurfaces,
and define the extrinsic curvature as
Using this expression and K ≡ ∇ µ n µ , and denoting the derivation by a lower index, e.g. A 2X ≡ ∂A 2 /∂X, the above Lagrangians can be rewritten after lengthy but straightforward manipulations
where A a and B a are now functions of φ and X, A a = A a (φ, X), B a = B a (φ, X), and C 3 , C 4 , C 5 , D 5 and G 5 are defined as
If A 4 and A 5 are related to B 4 and B 5 by
the last terms of both eqs. (27) and (28) and L gal, 1 5 , are already healthy without the need of additional gravitational counter-terms. In other words, our work shows that the straightforward covariantization of galileons, i.e. substituting ordinary derivatives with covariant derivatives, is a viable covariantization. It should be noted, however, that galileon symmetry remains broken by terms proportional to the curvature, regardless of the chosen covariantization procedure.
Finally, before concluding this section, let us briefly comment on the decoupling limit of eqs. (25)- (28). In Ref. [25] , the decoupling limit of Horndeski theories has been studied by expanding the metric g µν around Minkowski and the scalar field φ around a constant background value. In doing so, the following scaling of the functions G a (φ, X) introduced in eqs. (15)- (18) was assumed [26] ,
where Λ 3 is a mass scale which may be associated to the current accelerated expansion of the universe (in which case Λ 3 3 ∼ M Pl H 2 0 ) and M Pl is the Planck mass. The decoupling limit is defined as M Pl → ∞ while Λ 3 remains constant. It is easy to see that taking this limit in eqs. (25)- (28) leads to the same decoupling limit found in [25] , but with different dimensionless parameters. This is clearly the case for eqs. (25) and (26), because they are equivalent to the Horndeski Lagrangians L H 2 and L H 3 . Equations (27) and (28) and L gal, 1 5 . By expanding these terms in scalar field and metric perturbations, the only contributions that do not vanish in the decoupling limit are galileons, i.e.,
where the functions (B 4 + A 4 − 2XB 4X )/X 2 and (XB 5X /3 + A 5 )/(−X) 5/2 are evaluated on the background. In conclusion, operators leading to higher-derivative equations of motion are also higher order in the decoupling limit.
Hamiltonian analysis
As discussed in the introduction, theories that contain higher order time derivatives often lead to lethal Ostrogradski instabilities. The presence of higher derivatives manifests itself in the form of extra degrees of freedom that behave like ghosts (i.e. negative energy states). For instance, the dynamics of a system with a nondegenerate Lagrangian of the form L(q,q,q) is described by a 4-dimensional phase space, corresponding to two degrees of freedom, one of which behaves like a ghost (see e.g. [4] ).
In the ADM formulation, our Lagrangian (21) depends on the dynamical quantities h ij and their "velocities" K ij : in this sense, it is already apparent that the Lagrangian does not contain higher order time derivatives and that Ostrogradski instabilities should not be there. In order to confirm this intuition, we now perform the Hamiltonian analysis the Lagrangian (21) and show that the number of degrees of freedom remains three (i.e. two tensor modes and one scalar mode), thus excluding the appearance of dangerous extra degrees of freedom. The present analysis details that of [1] and confirms its conclusions.
The phase space of our theory is described by the variables h ij , N , N i and their conjugate momenta, given respectively by
and
The absence of time derivatives of the lapse N and the shift N i in the action implies that their conjugate momenta automatically vanish. The relations π N = 0 and π i = 0 can thus be seen as restrictions of the initial 20-dimensional phase space, corresponding to so-called primary constraints. So far, the situation is quite similar to that of pure general relativity. The canonical Hamiltonian is then obtained via the Legendre transform of the Lagrangian
The Hamiltonian is expressed in terms of the canonical variables, which means that, in principle, one must invert the relation in (33) to obtainḣ ij as a function of π ij . Because of the presence of primary constraints, the time evolution is governed by the extended Hamiltoniañ
where λ N and λ i play the role of Lagrange multipliers. For any function F defined on the phase space, its time evolution is given by
The Poisson bracket in the above formula is defined as usual by the expression
where we use the collective notation φ A = (h ij , N, N i ) and π A = (π ij , π N , π i ).
Lagrangians up to L 4
The procedure outlined above is straightforward to apply for our Lagrangians up to L 4 , because the expression (33) for π ij is linear in K ij and can be easily inverted. Including L 5 is more involved as (33) is quadratic in K ij and we briefly discuss the procedure in the next subsection. Therefore, assuming that L 5 is absent, i.e. A 5 = B 5 = 0, one can immediately invert (33) to find
Using (22), it is then straightforward to expressḣ ij as a function of π ij and to substitute the result in (35) . Using integrations by parts to get rid of the derivatives of the shift, one finds that the Hamiltonian can be written in the form
By specializing the above expressions to the case B 4 = −A 4 = 1/(16πG) and A 2 = A 3 = 0 one recovers the usual general relativity Hamiltonian. In the general case, however, the A a and B a are functions of N , so that H 0 now depends on N , in contrast with general relativity. This difference plays a crucial role as we will see below.
Let us now consider the time evolution of the primary constraints. Imposing that they are conserved in time leads to so-called secondary constraints. For the first constraint, π N = 0, one findṡ
where the symbol ≈ denotes equality in a "weak" sense, i.e. restricted on the constraints hypersurface. Thus, the above equation yields the secondary constraint
Note that, in general relativity, H 0 is independent of N , thus leading to the familiar Hamiltonian constraintH 0 = H 0 = 0. Similarly, usinġ
the conservation in time of the three primary constraints π i = 0 gives the secondary constraints
These constraints are exactly the same as in pure general relativity, where they are associated with the invariance with under spatial diffeomorphims. Let us now compute the Poisson brackets of the constraints. Let us start with the constraints H i , for which the treatment is very similar to general relativity. It is convenient to introduce the "momentum" function
where the f i are three arbitrary functions of space. By reproducing the general relativity calculations (see e.g. the appendix of [27] ), one finds
It is also straightforward to check that
where g is an arbitrary function of space and T is any combination of the Hamiltonian that depends on π ij and h ij , but not on N . So T can be any of the following expressions,
or any linear combination of these with constant coefficients. In particular, (49) implies that in general relativity, where the constraint H 0 is independent of N , the Poisson bracket of M f with H 0 weakly vanishes. If the combination T is now multiplied by a function of N ,
one immediately deduces from (49) that
andT cannot appear after integration by parts. However, by introducing the slightly modified constraints 2H
one obtains
whereT appears explicitly.
This treatment also applies to any linear combination ofT terms. In particular, it applies to H 0 , since this is given by a linear combination of T i with coefficients that depend on time and N , and as a consequence it applies toH 0 defined in eq. (44). Thus, from the above analysis one concludes that the Poisson brackets of the constraintsH i withH 0 vanish weakly, i.e.
Using eq. (48) and the fact that H i does not depend on N , π N , N i or π i , it is also immediate to verify that
Therefore, the Poisson brackets of the three constraintsH i with all the other constraints thus vanish weakly. The same is true for the three primary constraints π i ≈ 0. Consequently, these six constraints, associated with the 3-dimensional diffeomorphism invariance, are first-class constraints. The remaining constraints,H 0 and π N ≈ 0, satisfy the relations
Provided that the derivative ofH 0 with respect to N does not vanish, this shows that these two constraints are of the second-class type, in contrast with general relativity. It is also useful to check that no additional constraint arises from the time evolution of the secondary constraints. Indeed, since
imposing the conservation ofH 0 simply fixes the Lagrange multiplier λ N without generating any new constraint, provided ∂H 0 /∂N does not vanish, which is assumed here. As for the momentum constraints, we simply have
because the brackets ofH i with all the elements in H vanish weakly, according to (55) and the first relation in (57).
In conclusion, we find that the dynamical system is, in general, characterized by a 20-dimensional phase space with six first-class constraints and two second-class constraints. Each first-class constraint eliminates two canonical variables and each first-class constraint eliminates one canonical variable. In total, 14 canonical variables can be eliminated, which corresponds to a 6-dimensional physical phase space, i.e. three degrees of freedom. The difference with general relativity, where all eight constraints are first-class thus leaving only two physical degrees of freedom, is due to the presence of a preferred slicing defined by the scalar field, which breaks the full spacetime diffeomorphism.
Let us briefly discuss a special case where the second Poisson bracket in (58) vanishes weakly, which happens when the whole N dependence factorizes in H 0 . Let us illustrate this case by considering the Lagrangian L 4 with
In this case
One then notices that the system is equivalent to general relativity, up to the redefinition of a new lapse functionÑ ≡ N B 4 .
Including the Lagrangian L 5
The inclusion of L 5 makes the Hamiltonian analysis more involved, the main subtlety in this case being inverting eq. (33) in order to obtain K ij as a function of π ij . However, this is just a technical difficulty that does not impair the basic counting of degrees of freedom which is the main target of our Hamiltonian analysis. In the case when only A 5 is considered, from the last line of (21) we obtain
Inverting the above equation is technically more involved and because K ij is essentially a "square root" of π ij there is generally more than one branches of solutions. However, the inversion problem is well-defined locally around some non-singular chosen value of K ij . It is worth mentioning how the problem can be tackled in practice with a systematic series expansion around, say, a spatially flat FLRW configuration,
We can then fix whatever value of the conjugate momentum through the new "shifted" variableπ
write a formal power expansion for K j i ,
and solve (64) order by order. By doing this, we obtain the recursive relations
As usual, in the above formulas we use the convention that a matrix written without indices indicates its trace. A completely analogous procedure applies to other cases, such as if the full battery of terms is present, as in eq. (33) . In this case, the easily invertible part (L 2 -L 4 ) can be used as the zeroth order piece and one can make a formal Taylor expansion in A 5 .
Generalizations
Although we have focused our discussion on a specific class of theories, which represent a natural extension of Horndenski theories from the ADM point of view, similar conclusions can be drawn for a much wider class of models. Essentially, the basic ingredients that lead us to exclude the presence of unwanted additional degrees of freedom can be formulated in unitary gauge as 1. unbroken spatial diffeomorphism (producing three first-class momentum constraints as in general relativity);
2. absence of time derivative of the lapse function N (which makes the Hamiltonian constraint an algebraic equation for N );
3. absence of time derivatives of the extrinsic curvature K ij (that would make the Lagrangian dependent of the "accelerations", i.e. the second time derivatives of h ij ).
Such an approach has already been used in the past to study, for instance, the behavior of specific models of Horava's gravity [28] . In analogy with Horava's gravity, one could consider various combinations of the intrinsic curvature tensor and its spatial derivatives, as well as various combinations of the extrinsic curvature tensor, as recently discussed in [29] . Note, however, that these theories do not generically have the same decoupling limit as Horndeski, as it is the case for G 3 theories (see discussion at the end of Sec. 3).
Linear theory and coupling with matter
The Hamiltonian analysis excludes the presence of extra degrees of freedom. However, one still needs to check that the remaining scalar and tensor degrees of freedom are not themselves ghost-like. In this section we compute the quadratic action for the perturbations of the propagating degrees of freedom and derive the conditions for which the kinetic terms have the right signs. We then add matter field minimally coupled to gravity and study the phenomenology on small scales. We first perform this analysis in unitary gauge and then in Newtonian gauge.
Unitary gauge
Let us expand action (20) around a spatially flat FLRW metric following the general procedure developed in [10, 30] . We use the ζ-gauge and write the spatial metric as
and we split the shift as
Moreover, it is convenient to express the dependence of the second-order action on the function A i and B i introduced in the Lagrangians (21) in terms of the following functions, 3
where a prime denotes a derivative with respect to N and a dot a derivative with respect to t. We discuss in Appendix B how these functions are related to the general formalism of Ref. [10] . Higher (spatial) derivative terms proportional to (∂ 2 ψ) 2 , which are contained in quadratic products of the extrinsic curvature, cancel from the action up to a total derivative because of the particular 3 The first four functions in eq. (72) have been introduced by Bellini and Sawicki in Ref. [13] , where they consider linear perturbations in Horndeski theories. In particular, M 2 , αK , αB and αT respectively parameterize the effective Planck mass, a modification of the scalar kinetic term [32, 33] , a kinetic mixing between the scalar and the metric (the so-called braiding) [34, 35, 36, 37] and a tensor speed excess. As stressed in such a reference and also shown here in Appendix B, these functions are just a covenient basis of the parameters previously introduced in the context of the so-called Effective Field Theory of Dark Energy in Refs. [14, 15, 10, 16] (see [30, 31] for reviews). Here we adopt this parameterization because it simplifies the notation. We also introduce a new function, αH , which parametrizes the deviation from Horndeski theories [10, 1] .
combinations in which these products appear in eq. (21) . By varying the quadratic action with respect to N i , one obtains the momentum constraints, whose solution is N i V = 0 and
After substitution of this equation into the quadratic action, all the terms containing ψ drop out, up to total derivatives [30] . For this reason, we do not need to solve the Hamiltonian constraint, obtained by varying the action with respect to N , to solve for ψ. After some manipulations the quadratic action becomes [10, 30, 13 ]
where
As expected from the previous Hamiltonian analysis, the quadratic Lagrangian (74) does not contain higher order time derivatives. As a consequence of the particular combination of extrinsic curvature in eq. (21), it neither contains higher space derivative. The condition required to ensure that the propagating degrees of freedom are not ghost-like is that their time kinetic terms are positive, Lζζ > 0 and M 2 > 0. Moreover, gradient instabilities are avoided when the speed of sound of the scalar and tensor propagating degrees of freedom,
are also positive, c 2 s > 0 and c 2 T > 0.
Adding matter: P (σ, Y )
To study our theories in the presence of matter fields minimally coupled to gravity, we add to action (20) a k-essence type action describing a matter scalar field σ (not to be confused with the dark energy field φ),
with sound speed c 2 m ≡ P Y /(P Y − 2σ 2 0 P Y Y ). We can then expand at second order these actions and repeat the procedure discussed earlier in order to obtain the quadratic action for the scalar fluctuations expressed in terms of ζ, N , ψ and the matter field perturbation δσ. To describe matter fluctuations it is convenient to use the gauge-invariant variable Q σ ≡ δσ − (σ 0 /H)ζ. After substitution of the momentum constraints, the final action expressed in terms of ζ and Q σ reads
where in the first line the kinetic terms of ζ have changed intõ
where we have used 2σ 2 0 P Y = −(ρ m + p m ). The second line contains two kinetic couplings between ζ and Q σ while the third line contains non-kinetic terms, which are irrelevant for the present discussion.
The kinetic matrix for (ζ, Q σ ) reads
.
(82) Requiring that its determinant vanishes yields the dispersion relation
From this equation one derives the two dispersion relations ω 2 = c 2 ± k 2 . The condition (30) for Horndeski theories implies α H = 0. In this case, despite that there are couplings in the action between the time and space derivative of ζ and Q σ , i.e. the non-diagonal terms in the kinetic matrix are non vanishing, the matter sound speed is unchanged because these couplings are precisely proportional ω 2 −c 2 m k 2 and give the standard dispersion relation for matter. This is particularly clear from eq. (83) and no longer the case in our non-Hordenski extensions, where α H = 0.
Newtonian gauge
We now study linear perturbations for our theories in the presence of a more general type of matter by considering a gauge often employed in the study of cosmological perturbations: the Newtonian gauge, where the metric reads
taking into account only scalar perturbations. The action (20) can be expanded at second order in the Newtonian gauge by first reintroducing the scalar field φ, which leads to the Lagrangians eqs. (25)- (28), and then expanding the action up to quadratic order around the background field solution φ 0 (t) = t, i.e.,
where π describes the scalar field perturbation. The quadratic action for linear perturbations is given by
where we have used the background equations to rewrite the coefficient of (∇π) 2 . We have written explicitly all the terms that are quadratic in derivatives, as well as other terms involving Φ without derivatives because they also contribute to the kinetic limit as we will see below. The dots contain all the other terms, irrelevant for the present discussion. As expected from the Lagrangians (27) and (28), the quadratic action in the Newtonian gauge contains a higher order derivative term, ∇π∇Ψ, which is proportional to the non-Horndeski coefficient α H . This term generates higher order (one time-and two spatial-) derivative terms in the equations of motion, as discussed in detail in Ref. [10] . It is possible to find a redefinition of the metric perturbations that "de-mixes" the new metric variables from the scalar field π and removes the higher derivative term from the gravitational action. In Brans-Dicke theories such de-mixing variables are usually referred to as Einstein-frame quantities. In our much more general framework they are given explicitly by
Using this change of variables into the quadratic action, one ends up with
which corresponds to the action of a minimally coupled scalar field. In particular, the term proportional toπ in the definition of Φ E entails the removal of the higher derivative term ∇π∇Ψ. Let us now consider matter. Since matter is minimally coupled to the original metric, i.e.
it becomes coupled to π after the field redefinition (88). When α H = 0, matter is coupled to the gravitational sector with standard terms, Φ E δρ m and Ψ E δp m , as well as to π via fifth-force terms, πδρ m and πδp m . These couplings can be neglected on scales smaller than the matter sound horizons, k ≫ Ha/c m , where c m is the matter sound speed. However, in the non-Horndeski case (α H = 0), the interaction Lagrangian (90) contains a new coupling proportional to the time derivative of the scalar π,
which cannot be neglected on scales smaller than the sound horizon. Indeed, on these scales, the propagation equations for the density contrast δρ m and field perturbation π becomë
where the symbol ≈ stands for an equality in the kinetic limit. One can check that the propagation equation is given also in this case by eq. (83). In contrast to the standard Jeans lore, the gravitational scalar mode π cannot be decoupled from matter by going at sufficiently short distances. The presence of the scalar field perturbations impacts the propagation of matter fluctuations, by changing their sound speed.
6 Field redefinitions
Disformal transformations
In this section we compute the transformation properties of our theories under disformal transformations. In particular, we consider a field redefinition of the metric tensor made of a conformal transformation and of a further lightcone structure-changing piece [18] ,
For convenience, we directly work in unitary gauge even though the same results can be reached using a covariant approach (see e.g. [17, 39] ). As we shall see, the use of the unitary gauge considerably simplifies the calculations. In this gauge, the dependence of Ω and Γ on φ and X translates into an explicit dependence on the time variable t and on the lapse function N . Moreover, ∂ µ φ = δ 0 µ and eq. (94) reads, in ADM components,N
Thus, the volume element is transformed accordingly,
In order to find how the three-dimensional Ricci scalars, R andR, are related to each other, we can apply the standard formulae to the conformal transformations of the 3-d metric (95) (see e.g. [38] 
Moreover, using the definition of the extrinsic curvature, eq. (22), one finds
As in unitary gauge Ω depends on the spatial coordinates only through N , it makes a lot of difference whether or not Ω depends on N . If it does, the transformation (95) generates derivatives of N explicitly in the action, therefore changing the structure of action (20) . If it does not, eq. (95) is just an overall (spatial) coordinate-independent rescaling from the 3-dimensional point of view and the structure of our theory does not change after the field redefinition. Transformations with Ω dependent on N do not preserve the G 3 form of the Lagrangian.
More specifically, let us consider an N independent conformal factor, Ω = Ω(t). Starting from the action (20) written in terms of the barred metric quantities with coefficientsĀ a andB a , and making the substitution (95), one ends up with an an action in terms of the unbarred quantities. Remarkably, this new action shares the same structure (20) , up to a reshuffling of the coefficients:
where dt ≡Ndt. Thus, after a disformal transformation (95), a Lagrangian of a given order generally contributes also to the lower-order Lagrangians. For instance, the transformation of L 4 contains also L 3 and L 2 pieces. Only when Ω = const. does this mixing not occur. Although we have worked specifically in the unitary gauge, it is straightforward to perform the same analysis covariantly, directly with the four-dimensional transformation (94). One then obtains relations between the coefficients A a (φ, X), B a (φ, X) andĀ a (φ, X),B a (φ, X), which are essentially the above relations (99) with the correspondence N = 1/ √ −X andN = 1/ √ −X. The relation between X andX can be computed by contracting the inverse metric
with ∂ µ φ∂ ν φ. This givesX
We also have
which implies in particular that, in unitary gauge,
which can be used in eq. (99).
Link between L 4 and Horndeski
The disformal transformations discussed in the previous subsection can be used to relate Horndeski theories with our general Lagrangians. First, let us start from a Horndeski Lagrangian L H 4 expressed in terms of the metricḡ µν , with coefficientsĀ 4 (φ,X) andB 4 (φ,X) satisfying the Horndeski condition (see eq. (30))
Substituting in this Lagrangian the expression
leads to a G 3 Lagrangian, now expressed in terms of the metric g µν and X, with coefficients A 4 (φ, X) and B 4 (φ, X). According to the results of the previous subsection, specialized to the case Ω = 1, the link between the old and new coefficients is given by the relations
The Horndeski condition (104) on the coefficientsĀ 4 andB 4 implies the following relation between Γ 4 and the new coefficients A 4 and B 4 :
It is thus clear that the new Lagrangian, expressed in terms of the metric g µν , is not of the Horndeski type unless Γ 4 is independent of X. This is consistent with the findings of Ref. [39] that the Horndeski form of the Lagrangian is preserved under a restricted version of (94), in which the disformal function Γ does not depend on X.
Conversely, if we start with a G 3 Lagrangian without L 5 terms, but otherwise with arbitrary functions A 4 (φ, X) and B 4 (φ, X), one can always rewrite it as a Horndeski Lagrangian L H 4 , provided that the transformation function Γ 4 is a solution of the differential equation (109). Note that the field redefinition (105) is well-defined, in the sense that it leaves invariant the number of degrees of freedom (see other examples in [19] ). Indeed, one can express g µν in termsḡ µν and φ without introducing additional degrees of freedom. As the set of fields (ḡ µν , φ) obeys the Horndeski action, it describes three degrees of freedom. By the field transformation (105), also (g µν , φ) obeying the G 3 Lagrangian L 4 describe the same number of degrees of freedom, i.e. three. This essentially confirms the Hamiltonian analysis of Sec. 4 which excludes the presence of more than three degrees of freedom from G 3 theories. As expected, the field redefinition (105) de-mixes the metric and scalar field kinetic mixing presented in Sec. (5) . In Newtonian gauge, this corresponds to removing the higher-derivative coupling 2α H ∇π∇Ψ from action (87). We explicitly show this in Appendix C.
Link between L 5 and Horndeski
The same procedure described above applies to L 5 Lagrangians along similar lines. Namely, one can always relate a G 3 Lagrangian with arbitrary A 5 and B 5 , but with A 4 = B 4 = 0, to a Horndeski Lagrangian of the type L H 5 , provided the two metrics are related bȳ
with Γ 5 satisfying the condition
Analogously to the above discussion, this follows from requiring thatĀ 5 andB 5 , given by (see eq. (99))Ā
satisfy Horndeski condition (see eq. (30))Ā
However, one cannot in general re-express an arbitrary G 3 Lagrangian as a Horndeski Lagrangian, via a disformal transformation, because the would-be transformation coefficient Γ cannot satisfy simultaneously the two differential equations (109) and (111).
Coupling to matter
When the G 3 Lagrangian can be re-expressed as a Horndeski Lagrangian, i.e. in either of the two cases discussed above, the coupling between matter and the gravitational sector, now described bȳ g µν and φ, becomes more complicated since the matter Lagrangian depends on the combination
or its inverse,
Let us illustrate this with the simple example of an ordinary matter scalar field, minimally coupled to the metric g µν . Its action, which intially reads
becomes, when expressed in terms ofḡ µν and φ,
The equation of motion for σ is obtained by varying this action with respect to σ. Since each field is at most derived once in the action, the equation of motion for σ will be second order. The same conclusion holds with the matter contribution to the equation of motion of φ. Therefore, the presence of a matter scalar field does not introduce higher order derivative terms in the equations of motion.
Equations of motion
Using a disformal transformation, we provide a new example of naively higher-derivative equations of motion which can be reduced to second order ones. We consider a subclass of G 3 theories that can be mapped into Horndeski (where they appear with the metricḡ µν ) and are minimally coupled to matter with their usual metric g µν . Let us start from the action
withḡ
Since the theory, written for g µν , is not of the Horndeski type, one might expect to find higher derivatives in the equations of motion. We show below how to reduce such a system of equations to a second order system. The variation of this action yields
The operators O µν H and S H , when expressed in terms ofḡ µν and φ, contain only second order derivatives since they come from a Hordenski Lagrangian. Variation of the action with respect to the metric g µν gives the equations of motion
and we used eq. (102) for the second equality. Variation with respect to φ gives the scalar equation of motion:
Contracting (123) with ∂ µ φ∂ ν φ yields
Substituting back in (123) gives the equation of motion for g µν
which is second order with respect to g µν . However, it also contains third order derivatives of φ since O µν H is second order inḡ µν , which itself depends on the gradient of φ. By taking the trace of (127), one can find a relation expressing the third time derivative of φ in terms of at most second order time derivatives. In this way, the equations of motion (127) are effectively second order in time derivatives. Finally, substituting equation (127) in the scalar equation (125), one gets
which is manifestly second order. This procedure extends that given in [17] and illustrates how equations of motion that at first view look higher order can in fact be only second order.
Conclusions
Since its original appearance in [5] , the galileon mechanism has proved an essential tool for modified gravity. Several concrete modified gravity proposals happen to have galileons as their basic skeleton and reduce to galileons in the appropriate decoupling limit. This leads to the possibility of classifying modified gravity scenarios according to the different inequivalent ways in which the galileons can be consistently coupled to gravity, or "covariantized". For instance, massive gravity models can be seen as non-minimal covariantizations of the galileon [21] , because they involve other degrees of freedom than simply the metric and the scalar field. If we insist on having the minimal number of degrees of freedom and equations of motion strictly of second order in derivatives, we end up in the realm of Horndeski-or generalized galileons, G 2 theories [6, 7, 9] . In this paper we have studied in details the scalar-tensor theories proposed in [1] , called here G 3 . This class of theories, presented in Sec. 3, covariantize the galileons in a minimal way, i.e. without introducing any other degree of freedom than the metric and a scalar field. However, they extends Horndeski in containing two more free functions. They can display equations of motions with derivatives higher than second order in some gauges, but such higher derivatives are in fact harmless, in the sense that they do not bring in unwanted extra degrees of freedom, as we have shown with a detailed Hamiltonian analysis in Sec. 4. It turns out that the direct covariantization of the original galileons proposed in [5] , obtained by simply substituting ordinary derivatives with covariant ones, belongs to our class of theories. As such, original galileons are "ready to go" without the need of the gravitational counterterms prescribed in [6] . Contrarily to what was previously thought, their simple minimally coupled versions are free of ghosts instabilities.
Despite the aspects of "minimality" just discussed, the covariant form of G 3 theories is mathematically challenging, due to the high number of derivatives and complexity of the equations involved. We have highlighted few "handles" to manage their basic properties. First of all, the unitary gauge formulation based on a 3 + 1 ADM decomposition, eq. (21), is particularly compact and reveals the basic healthy structure of the dynamical system that we are considering. Indeed, the expressions (21) only contain "velocities", i.e., first time derivatives of the dynamical variables.
Important insights about scalar-tensor theories can also be given by field transformations. The simplest well-known example is constituted by Brans-Dicke theories, that maintain their basic form under a conformal rescaling of the metric tensor that depends only on the scalar field. On the other hand, our G 3 theories seem deeply related with disformal transformations, as we discussed in some detail in Sec. 6. In particular, disformal transformations with the conformal factor depending on the scalar field only, and the disformal one depending on both φ and X,
are the most general class of transformations that preserve the basic G 3 structure. This is analogous to the role played by disformal transformations with Γ = Γ(φ) for Horndeski theories, which leave them invariant [39] . We have showed that by applying eq. (129) to a Horndeski theory we end up in G 3 -another way of proving the soundness of the corresponding G 3 theory-but that, vice-versa, not all G 3 theories can be reduced to the Horndeski form by using (129). Finally, disformal transformations also help understanding another remarkable property of G 3 : even when minimally coupled to ordinary matter, G 3 exhibit a kinetic type coupling, leading to a mixing of the dark energy and matter sound speeds, and thus to a modified Jeans phenomenon [1] . In linear perturbations theory, in order to isolate the scalar propagating degree of freedom, one is implicitly de-mixing the scalar from the metric with a field redefinition. For Brans-Dicke theories this can be done at full non-linear level by simply going to the Einstein-frame metric with a conformal transformation. In our more general set of theories the mixing terms between the scalar and the metric can be higher in derivatives, in which case they are weighted by the parameter α H , with which we measure the departure from Horndeski. However, it is still possible to perform the de-mixing, at least at the linear level in perturbation theory. As we show in App. C, the field redefinitions (88) that bring us to this generalized Einstein frame correspond to a disformal transformation of the type discussed above. Because such a transformations contain higher derivatives, it ends up mixing matter with the scalar field at a higher order in derivatives, thus affecting the speed of sound of both components. The phenomenology of G 3 , which includes this interesting type of mixing, is among the most interesting developments of this work that we intend to pursue in the future.
Note added: While finishing this paper, Ref. [40] appeared with an analysis and results similar to those of our Sec. 4
As the covariantization of L 2 is trivial we start from L 3 . To rewrite K in terms of scalar field quantities we use the trace of eq. (130),
Integrating by parts the term proportional to ∇ λ X we obtain eq. (26) .
For L 4 we replace the 3-d Ricci curvature R in terms of the 4-d one, (4) R, using the Gauss-Codazzi relation, (4) 
after which L 4 becomes
Then, using eq. (130) and thatṅ µ = h ν µ ∇ ν X/(−2X), it is possible to express the quadratic combination of extrinsic curvatures as
After an integration by parts on the last term of eq. (132) we obtain
where the last line comes from rewriting the term proportional to B 4φ analogously to L 3 above. This equation can be rewritten as eq. (27) by using the definition of L gal, 1 4 in eq. (7) and eqs. (15)- (17) . The case of L 5 is the most cumbersome. In addition to the relations (130) and (131), we will also need the Gauss Codazzi relation R µν = (4) R µν + n σ n ρ(4)
where a symbol denotes the projection on the hypersurface of all tensor indices, e.g. (V µ ) ≡ h ν µ V ν . For simplicity, let us treat the two parts of L 5 separately. Using eq. (130) we can rewrite the term proportional to A 5 as
As we did for L 3 , we define an auxiliary function, F 5 , satisfying
2X + F 5X = A 5 (−X) −3/2 and integrate by parts the last line so that up to boundary terms the above equation reads,
R σρ +ṅ σ n ρ(4)
Now we need to deal with the second part. Using the Gauss-Codazzi relations, eqs. (131) and (134), this can be rewritten as
G µν + K µν n σ n ρ
R µσνρ − Kn σ n ρ
such as eq. (21). To isolate linear perturbations, we focus on the quadratic action. This can be expanded at second order in the perturbations around a flat FLRW metric, ds 2 = −dt 2 + a 2 (t)d x 2 , using that √ −g = √ hN and that √ h| 0 = a 3 on the background. Then, integrating by parts the term linear in K and using the background equations of motion (the details of these calculations can be found in [10] ) the second-order action can be rewritten as
where we have introduced the time-dependent quantities
evaluated on the background. Notice that to remove the dependence of action (141) on Y and obtain eq. (142) we have used the relation [10] λ(t)Y = λ(t) 2 RK +λ (t) 2N R ,
valid up to boundary terms. For a constant M , the first line of action (142) describes second-order metric perturbations in a ΛCDM universe. The parameters in eq. (143) appear naturally as the coefficients of the secondorder expansion of L beyond this standard case. This expansion makes it also clear that these are the minimal number of parameters describing the dynamics once the background expansion history, H(t), and the matter content, i.e. ρ m (t 0 ) and its equation of state, are given.
Not surprisingly, the first 5 of these parameters are the same as those introduced in Ref. [13] . The last one is new and parameterizes a deviation from Horndeski theories. Using L = L 2 + L 3 + L 4 + L 5 , in eq. (72) we have written these parameters in terms of the functions A i and B i appearing in the Lagrangians (21) .
In Ref. [10] we explicitly separated the operators affecting the perturbations from those fixed by the background evolution, writing the action as 
"dictionary" Replacing these relations in the above equations and usingH = H/ √ 1 − Γ 0 due to the time redefinition, we obtainΦ
These are the field redefinitions in Netwonian gauge between the two frames. One can use these relations, together with an expression forᾱ B andᾱ K as a function of the other quantities, to rewrite action (87) in the barred frame, where all the couplings proportional to α H disappear. Here we simply check, using the relations above and
that Φ E and Ψ E given in eq. (88) become, as expected,
